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Background: Two-phonon excitations originating from the coupling of two collective one-phonon
states are of great interest in nuclear structure physics. One possibility to generate low-lying E1
excitations is the coupling of quadrupole and octupole phonons.
Purpose: In this work, the γ-decay behavior of candidates for the (2+1 ⊗3−1 )1− state in the doubly-
magic nucleus 40Ca and in the heavier and semi-magic nucleus 140Ce is investigated.
Methods: (~γ, γ′) experiments have been carried out at the High Intensity γ-ray Source (HIγS)
facility in combination with the high-efficiency γ-ray spectroscopy setup γ3 consisting of HPGe and
LaBr3 detectors. The setup enables the acquisition of γ-γ coincidence data and, hence, the detection
of direct decay paths.
Results: In addition to the known ground-state decays, for 40Ca the decay into the 3−1 state
was observed, while for 140Ce the direct decays into the 2+1 and the 0
+
2 state were detected. The
experimentally deduced transition strengths and excitation energies are compared to theoretical
calculations in the framework of EDF theory plus QPM approach and systematically analyzed
for N = 82 isotones. In addition, negative parities for two J = 1 states in 44Ca were deduced
simultaneously.
Conclusions: The experimental findings together with the theoretical calculations support the
two-phonon character of the 1−1 excitation in the light-to-medium-mass nucleus
40Ca as well as in
the stable even-even N = 82 nuclei.
I. INTRODUCTION
The interaction of the atomic nucleus with an elec-
tromagnetic field gives rise to the excitation of various
modes of different spin and parity which provide useful
information on the nuclear structure. Among them of
special importance is the electric dipole (E1) response
which is generally dominated by a strong, collective
isovector nuclear vibration, the isovector giant dipole
resonance (IVGDR) [1]. The IVGDR is classically de-
scribed by a Lorentzian shape [2]. Recently, in nuclei
with neutron excess an additional dipole strength compo-
nent below and around the neutron threshold was found
on top of the low-energy tail of the IVGDR [3–6]. This
mode of excitation is usually denoted as pygmy dipole
resonance (PDR) because it resembles a resonance-like
accumulation of close-lying Jpi = 1− states with simi-
lar spectroscopic features [6]. In a simple macroscopic
picture, a displacement of center-of-mass and center-of-
charge of the nucleus generates a vibrational motion try-
ing to restore the proton-neutron symmetry. Nowadays,
the rapidly increasing number of experiments using dif-
ferent probes and techniques allow for systematic studies
∗ derya@ikp.uni-koeln.de
of the PDR over isotopic and isotonic chains from differ-
ent mass regions [4, 7–17]. A close connection between
the total PDR strength and the amount of the neutron
excess of neutron-rich nuclei which on the other hand is
correlated with the neutron skin thickness was proposed
[6, 18–20]. Furthermore, experiments with complemen-
tary probes like α-particles at intermediate energy, indi-
cate an isospin splitting of the low-lying 1− states [21].
Similar to the experimental findings, theoretical models
show that at lower energies the E1 strength is predom-
inantly of isoscalar character which gradually becomes
more isovector with increasing excitation energy toward
the IVGDR [18, 19, 22–26].
Various theoretical explanations of the E1 strength be-
low and around the particle-emission thresholds exist.
These include the low-energy tail of the IVGDR, PDR
[18, 19, 27, 28], multi-phonon excitations [19, 29], toroidal
modes [23] and α-cluster vibrations [30, 31]. Further-
more, in recent studies it has been pointed out that the
interaction between quasiparticles and phonons is impor-
tant for a correct theoretical description of the low-lying
E1 strength because it can influence its fragmentation
and mixing with the core polarization and the IVGDR
[18, 19, 29, 32–35]. This affects strongly the electromag-
netic strength distribution, which can have further conse-
quences on the dipole polarizability and nucleosynthesis
processes [29, 34, 36].
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2Of particular interest are low-energy two-phonon states
related to the coupling of collective quadrupole and oc-
tupole core vibrations. The collective quadrupole and oc-
tupole excitations of electric character are usually among
the lowest-lying excitations in nuclei in the vicinity of
shell closures. They are interpreted as surface oscilla-
tions and theoretically treated as phonons with the pos-
sibility to couple to multi-phonon states, like for exam-
ple double-quadrupole or double-octupole states [37–40].
The mixed harmonic coupling of quadrupole and oc-
tupole collective phonons (2+1 ⊗ 3−1 )Jpi results in a quin-
tuplet of Jpi = 1− − 5− states which are located at an
excitation energy equal to the sum of the excitation ener-
gies of the corresponding 2+1 and 3
−
1 one-phonon states.
Anharmonicities in the phonon-phonon interaction can
affect the excitation energies and break the degeneracy
of the multiplet states. Nevertheless, due to the differ-
ent nature of the two phonons Pauli blocking is small
compared to e.g. (2+ ⊗ 2+) or (3− ⊗ 3−) states.
Detailed theoretical descriptions of two-phonon states
related to members of quadrupole-quadrupole and
quadrupole-octupole multiplets [32, 37, 41] are obtained
in the framework of the quasiparticle-phonon model
(QPM) [32, 41, 42]. Another model which has been inten-
sively applied in studies of multi-phonon states [43, 44]
is the interacting boson model (IBM) [45]. Recently, the
spdf IBM has been applied in systematical studies of low-
lying J=1 states in the Nd isotopes and other rare-earth
nuclei [31].
The first step in identifying two-phonon 1− states is
to determine spin, parity, and B(E1, 1− → 0+1 ) strength
for possible candidates. A widely used experimental tool
for the investigation of J = 1 states is nuclear resonance
fluorescence (NRF) [46]. In the last years, the B(E1)
strength distributions of many nuclei were measured us-
ing this method. The evaluated data serve as a system-
atic basis for the discussion of two-phonon E1 excita-
tions like, e.g., in the Sn isotopes [7, 47], for N = 82
isotones [48] and in the compilation of Andrejtscheff et
al. [49] for A = 48 − 148 nuclei. An alternative way to
determine B(E1) strengths in particular for states of rare
isotopes, for which NRF measurements are difficult, are
lifetime measurements using the Doppler-shift attenua-
tion method (DSAM) in particle-γ coincidence measure-
ments [50]. Since several years, the DSAM technique is
applied in inelastic neutron-scattering at the University
of Kentucky [51, 52]. Furthermore, direct access to the
ground-state decay width Γ0 can be obtained using the
self-absorption method [53] or inelastic proton-scattering
experiments [54] for some cases.
Once a candidate is found, it is desirable to study also
its decay behavior to test the two-phonon structure more
thoroughly since this information is one of the key sig-
natures in addition to the excitation energy and corre-
lations of transition strengths [55, 56]. In the case of
harmonic phonon coupling, the lowest-lying 1− state is
a two-phonon excitation and the corresponding B(E3)
strengths for the 1−1 → 2+1 and 3−1 → 0+1 transitions
as well as the B(E2) strengths for the 1−1 → 3−1 and
2+1 → 0+1 transitions are equal. Such a direct proof of the
two-phonon character of the 1−1 state via its decay behav-
ior was found some years ago only for the two N = 82
nuclei 142Nd and 144Sm in inelastic proton-scattering ex-
periments [57–59]. It is the aim of the present work
to further test the two-phonon quadrupole-octupole 1−
states in the N = 82 isotones by extending the knowledge
about the decay behavior of the two-phonon 1− candidate
at 3.6 MeV in 140Ce. In addition, the decay behavior of
the two-phonon 1− candidate at 5.9 MeV in the signifi-
cantly lighter nucleus 40Ca is investigated to study the
existence of this collective excitation mode in a different
mass region.
The experimental method and data analysis tools are
introduced in Secs. II and III. The new experimental re-
sults for 140Ce and 40Ca are presented and discussed in
Secs. IV and V, respectively. A systematic theoretical
description of two-phonon 1−1 states and corresponding
transitions in N = 82 nuclei is discussed in comparison
with data in Sec. IV.
II. EXPERIMENTS
Real-photon scattering (~γ, γ) experiments were per-
formed to study the γ-decay behavior of possible two-
phonon Jpi = 1− states in 40Ca and 140Ce. The states
of interest were populated by the quasi-monochromatic,
linearly polarized, and intense beam of real photons pro-
vided at the High Intensity γ-ray Source (HIγS) facility
[60, 61] at the Triangle Universities Nuclear Laboratory
(TUNL) in Durham, NC, USA. The excitation is selective
to low spins (mainly J = 1) and excitation-energy regions
(due to the narrow bandwidth of the beam) and, there-
fore, well-suited for the study of specific Jpi = 1− states.
The intense γ-ray source in the entrance channel is com-
bined with the newly installed high-efficiency γ-γ coinci-
dence setup γ3 [62] for the detection of de-exciting γ-rays
in the outgoing channel. For the present experiments
the setup was used in a configuration with four 3′′ × 3′′
LaBr3:Ce scintillation detectors at θ = 90
◦ and four 60%
high-purity Germanium (HPGe) semi-conductor detec-
tors at θ = 135◦ with respect to the beam axis. The
LaBr3 detectors were placed symmetrically at azimuthal
angles of φ = 45◦, 135◦, 225◦, and 315◦ relative to the
horizontal polarization axis, whereas two HPGe detec-
tors were placed parallel (φ = 0◦, 180◦) and two perpen-
dicular (φ = 90◦, 270◦) to the polarization axis. Using
this detector configuration and distances of 5 to 10 cm
between detector end-cap and target for the LaBr3 and
HPGe detectors, respectively, results in a total photopeak
efficiency of about 6% at 1.3 MeV. Data was acquired in
parallel by two data acquisition (DAQ) systems. One
is the analog so-called Genie DAQ which was used to
store singles spectra of the HPGe detectors. The sec-
ond DAQ system is the digital MBS DAQ which acquires
event-by-event list-mode data for HPGe and LaBr3 de-
3tectors. Customized trigger conditions allow to generate,
e.g., singles and coincidence triggers and are adjusted in-
dividually. More details on the γ3 setup can be found in
Ref. [62].
Photon energy settings of 3.6 MeV and 5.9 MeV were
used in the experiments on 140Ce and 40Ca, respectively,
to cover the excitation energies of the corresponding two-
phonon candidates. The beam-energy profile of the in-
coming photon beam is monitored by an additional 123%
HPGe detector which can be moved into the beam. In
the present experiments the bandwidth of the photon
beam amounted to 4%. The 140Ce target was composed
of 2 g highly enriched (99.72%) plus 7.5 g natural cerium-
oxide powder, whereas for the 40Ca experiment an 11.2 g
natural calcium-carbonate target was used. Both mea-
surements were carried out for about 23 h, each.
III. DATA ANALYSIS
In general, a number of quantities are directly accessi-
ble in nuclear resonance fluorescence (NRF) experiments
such as spin, parity, excitation energy, and transition
strengths. For a transition of electromagnetic character
σ and multipolarity L without multipole mixing, the re-
duced transition strength, B(σL), and the partial decay
width to a specific final state, Γf , are related via:
B(σL, Ji → Jf ) = L[(2L+ 1)!!]
2
8pi(L+ 1)
(
h¯c
Eγ
)2L+1
gΓf , (1)
where Eγ is the transition energy and g =
2Jf+1
2Ji+1
is the
spin factor. In the present cases, the cross section, Ir,f ,
for the resonant excitation of the 1− states decaying back
to the ground state has been measured in previous NRF
experiments [4, 8, 63] via
Ir,f = pi
2
(
h¯c
E
)2
g
Γ0Γf
Γ
. (2)
In the present analysis, the ratio of partial and total de-
cay widths can be deduced from the peak area in the
singles γ-ray spectra:
Asinglei,f = gpi
2
(
h¯c
E
)2
Γ0Γf
Γ
NtNγ∆live,ii(E − Ef )Wi,f ,
(3)
where Nt is the number of target nuclei, Nγ is the photon
flux at the resonance energy, ∆live,i is the relative live-
time of detector i, i(E −Ef ) is the absolute photopeak
efficiency of detector i at the transition energy, and Wi,f
is the angular distribution of the scattered photons at the
position of detector i.
Using Eq. (3), the branching ratio relative to the
ground state, Γf/Γ0, can be derived from
Γf
Γ0
=
Asinglef
∑
i ∆live,ii(E)Wi,0
Asingle0
∑
i ∆live,ii(E − Ef )Wi,f
(4)
after summing over all detectors i. For the coincidence
data, two γ-rays from the de-exciting γ cascade are de-
tected. This leads to an additional experimental access
to the relative branching ratio:
Γf
Γ0
=
Acoincf
∑
i ∆live,ii(E)Wi,0
Asingle0
∑
ij ∆live,iji(E − Ef )j(Eγ2)Wij,f
, (5)
where Acoincf is the peak area in the energy-gated coin-
cidence spectrum summed for all detector combinations,
∆live,ij is the relative live-time of detector i and j, Wij,f
is the angular distribution of the scattered photons at
the position of detector i and j, and γ2 denotes the sec-
ond γ-ray that is detected in addition to the 1− → Jf
transition.
The focus in the present work lies on the determination
of relative branching ratios Γf/Γ0 which gives access to
Γf for known Γ0 and can be transfered into reduced tran-
sition strengths using Eq. (1). In principle, both, singles
and coincidence data, can be used for the determination
of Γf/Γ0 as shown above. With the coincidence data the
selectivity is improved, however, the intensity in the γ-
ray spectra is reduced. Two-dimensional γ-γ coincidence
matrices filled with the γ-ray energies measured by HPGe
and LaBr3 detectors are used to generate projected γ-
ray spectra as shown in Fig. 1 for the measurement on
140Ce. The upper panel shows the full projections of the
HPGe-LaBr3 coincidence data. A large background in
particular at lower energies is visible in the full projec-
tions which mainly stems from non-resonant scattering
processes in the target itself. The lower panel of Fig. 1
shows the projected γ-ray spectra after applying an en-
ergy gate (Eγ ≈ 1596 keV) on the secondary 2+1 → 0+1
transition of 140Ce. The primary transitions 1−1 → 2+1
and 1−1 → 0+2 are clearly visible in the gated γ-ray spec-
tra obtained with the HPGe and LaBr3 detectors. Their
peak areas can be used to determine branching ratios for
the different decay channels relative to the ground-state
decay. The singles γ-ray spectra of HPGe and LaBr3
detectors are shown in Fig. 2.
In addition, the setup allows for parity measurements
via the polarization information carried by the angular
distribution, W (θ, φ), of the de-exciting γ rays. The an-
alyzing power for a fixed scattering angle θ is defined as
Σ =
W (θ, 0◦)−W (θ, 90◦)
W (θ, 0◦) +W (θ, 90◦)
. (6)
The position of the HPGe detectors differed from the
usual parity measurements where the analyzing power
is maximized [64]. The detectors at θ = 135◦ give an-
alyzing powers of Σ = ±1/3 for J = 1± states and
Σ = ∓1 for J = 2± states. The experimentally acces-
sible observable is the asymmetry
 =
I‖ − I⊥
I‖ − I⊥ = qΣ, (7)
42+1 → 0+1 2+1 → 0+1
1−1 → 3−1
1−1 → 2+1
1−1 → 0+2
1−1 → 3−1
1−1 → 2+11−1 → 0+2
FIG. 1. Projected γ-ray spectra of (a) the HPGe detectors with HPGe-LaBr3 coincidence condition, (b) the LaBr3 detectors
with HPGe-LaBr3 coincidence condition, (c) the HPGe detectors with HPGe-LaBr3 coincidence condition and energy gate
on the 2+1 → 0+1 transition in the LaBr3 detectors, and (d) the LaBr3 detectors with HPGe-LaBr3 coincidence condition and
energy gate on the 2+1 → 0+1 transition in the HPGe detectors after background subtraction. Arrows indicate a hypothetical
1−1 → 3−1 transition. The data was taken in the measurement on 140Ce with a γ-beam energy of 3.6 MeV.
1−1 → 0+1
1−1 → 0+1
FIG. 2. Singles γ-ray spectra of (a) HPGe detectors and (b)
LaBr3 detectors. The data was taken in the measurement on
140Ce with a γ-beam energy of 3.6 MeV.
where I‖ and I⊥ are the efficiency-corrected photon
intensities in the horizontal (‖) and vertical (⊥) detec-
tors with respect to the horizontal polarization axis. The
experimental sensitivity q ≈ 0.9 accounts for the finite
opening angle of the detectors.
IV. RESULTS FOR 140CE
The two-phonon candidate in 140Ce, which is investi-
gated in the present work, is the 1−1 state at 3.6 MeV with
a B(E1, 1−1 → 0+1 ) transition strength of 4.1(6) mW.u.
[8]. Its decays to the first 2+1 and to the second 0
+
2
states are clearly visible in the projected γ-ray spectrum
of the HPGe detectors with a gate on the ground-state
transition of the first 2+1 state (see Fig. 1). The transi-
tion strengths can be deduced using these primary γ-ray
transition from the excited 1−1 state into the correspond-
ing excited state (seen in the coincidence γ-ray spectra
shown in Fig. 1) and ground state (seen in the singles
γ-ray spectra shown in Fig. 2) as well as the known
B(E1, 1−1 → 0+1 ) transition strength. The results are
0.54(3) and 0.75(6) m.W.u. for the B(E1, 1−1 → 2+1 )
and B(E1, 1−1 → 0+2 ) transition, respectively. The de-
cay of the first 1− state to the 3−1 state is not visible
on top of a pronounced background. However, for the
B(E2, 1−1 → 3−1 ) transition strength an upper limit of
28 W.u. was deduced by analyzing the background in
the γ-ray spectrum. In the harmonic model a 1−1 → 2+1
E3 transition would be expected, but a measurement
of this transition is difficult because E1 radiation domi-
5nates over E3 radiation. We assumed that the observed
1−1 → 2+1 transition is of E1 character. The observa-
tion of 1−1 → 2+1 and 1−1 → 0+2 E1 transitions cannot be
explained in the simple harmonic picture but needs fur-
ther explanation which will be discussed in the following
paragraphs.
Already some years ago, the QPM was applied to
study two-phonon structures including the quadrupole-
octupole coupled 1− state in stable N = 82 nuclei [41].
Lowest-lying 1−1 states with a large (2
+
1 ⊗ 3−1 )1− content
and excitation energies close to the sum energy of the
first 2+ and 3− states were calculated and interpreted as
two-phonon excitations. However, the previous calcula-
tions in the N = 82 isotones do not discuss the excited 0+2
state. Thus, also the B(E1, 1−1 → 0+2 ) transition strength
which we measured for the first time could not be com-
pared to available theoretical predictions within a consis-
tent framework. For this reason we performed new cal-
culations for the N = 82 nuclei 138Ba, 140Ce, 142Nd, and
144Sm in the framework of a more advanced microscopic
nuclear structure approach based on the self-consistent
energy-density functional (EDF) theory and QPM in-
cluding up to three-phonon configurations[18, 19]. The
theoretical method has been widely tested in systematic
studies of electric and magnetic excitations from different
energy and mass regions [4, 8, 10, 12, 16, 17, 65] and also
in predictions of new modes of nuclear excitations related
to the pygmy quadrupole resonance (PQR) [66–68]. A
further advantage of the three-phonon EDF+QPM cal-
culations is that we consider explicitly all one-phonon
configurations up to the neutron threshold including ex-
plicitly the PDR. Additional dynamical dipole core po-
larization contributions are accounted for by the isovec-
tor interaction strength which is fitted to reproduce the
properties of the GDR. Differently from Ref. [41] no ad-
ditional effective charges are needed.
In Table I, the experimental and theoretical QPM re-
sults for excitation energies, wave function structures and
transition strengths are summarized. The QPM wave
functions of the 2+1 and 3
−
1 excited states are dominated
by one-phonon components related to the collective 2+1
(about 93%) and 3−1 (about 90%) QRPA one-phonon
states, respectively. The main contributions to the 2+1
QRPA state vectors in N = 82 nuclei come from [2d5/2]
2
p,
[1h11/2]
2
p, [1g7/2]
2
p, and [1g7/22d5/2]p two-quasiparticle
proton configurations located close to the Fermi surface.
This is related to the fact that the [1g7/2]p level is the pro-
ton Fermi-level in 138Ba and 140Ce and the [2d5/2]p level
is the proton Fermi-level in 142Nd and 144Sm. Because of
the pairing interaction the two-quasiparticle states situ-
ated close to the Fermi surface could spend part of the
time below or above the Fermi surface. The major con-
figuration reaches from a fraction of about 38% in 140Ce
up to about 47% in 138Ba. The neutron contribution
is related mainly to the [1h11/22f7/2]n two-quasiparticle
neutron configuration and varies between ≈ 3−5%. The
B(E2) transition probabilities follow closely the amount
of collectivity of the 2+1 QRPA states and consequently
0+1
2+1
0+2
3−1
1−
FIG. 3. (Color online) Experimental (left) and theoretical
(right) decay pattern of the 1−1 state in
140Ce. The numbers
indicate the transition strengths in mW.u. for E1 transitions
(blue and green) and W.u. for E2 transitions (black).
the largest B(E2) value is obtained for the 140Ce nucleus
as it is shown in Table I both from theory and experi-
ment.
In the case of the 3−1 QRPA states there are two major
competing contributions to the state vectors due to the
[2d5/21h11/2]p and [1g7/21h11/2]p two-quasiparticle pro-
ton configurations. The [2d5/21h11/2]p proton compo-
nent contributes from about 63% in 138Ba up to about
76% in 144Sm. The [2d5/21h11/2]p proton component also
contributes dominantly to the B(E3) transition matrix
elements to the ground state. The neutron contribution
to the 3−1 QRPA states in N = 82 nuclei is related mainly
to the [1h11/21i13/2]n two-quasiparticle neutron compo-
nent and varies between ≈ 3 − 6%. The experimentally
observed general trend of decreasing energy of the 3− ex-
cited states with the increase of the proton number in
N = 82 nuclei is reproduced well in our calculations with
smooth changes of the residual interaction model param-
eters.
The theoretical properties of the 2+1 and 3
−
1 QRPA
phonons can be further examined in studies of low-energy
two-phonon states related to the quadrupole-octupole
multiplet. The QPM 1−1 state has a major two-phonon
(2+1 ⊗ 3−1 )1− content of more than 93%. However, in all
nuclei a contribution to the state wave function of higher-
lying one-phonon PDR states of larger than 1% was
found. With increasing proton number toward 144Sm,
the excitation energy of the 1−1 state decreases follow-
ing the decrease of the excitation energy of the 3−1 state,
which, on the other hand, reduces the coupling with PDR
and IVGDR phonons. Three-phonon contributions are
found of minor importance for the wave function and
transition properties of the 1−1 states in the considered
N = 82 nuclei. The decay pattern of the 1−1 state in
140Ce is illustrated in Fig. 3 in terms of the transition
strengths, indicated by the arrow thicknesses. The gen-
eral agreement between experiment and QPM calcula-
tions is reasonably good.
Now we would like to discuss the results within the
systematics of the two-phonon E1 excitation mode in the
6TABLE I. Comparison of experimental data with QPM results for stable even-even N = 82 isotones.
138Ba 140Ce 142Nd 144Sm
Ex(2
+
1 ) [MeV] 1.436 1.596 1.576 1.660 Exp.
Ex(2
+
1 ) [MeV] 1.415 1.550 1.547 1.670 QPM
Structure 97.3% 2+1 96.0% 2
+
1 92.7% 2
+
1 94.2% 2
+
1
+ 1.9% (3−1 ⊗ 3−1 )2+ + 3.4% (3−1 ⊗ 3−1 )2+ + 3.5% (3−1 ⊗ 3−1 )2+
Ex(0
+
2 ) [MeV] 2.340 1.903 2.217 2.477 Exp.
Ex(0
+
2 ) [MeV] 2.400 1.901 2.170 2.220 QPM
Structure 97.6% 0+2 64.2% 0
+
2 60.3% 0
+
2 61.1% 0
+
2
+ 1.3% (2+1 ⊗ 2+1 )0+ + 15% 0+3 + 20.8% 0+3 + 14.7% 0+3
+ 14.3% (3−1 ⊗3−1 )0+ + 14.8% (3−1 ⊗3−1 )0+ + 22.6% (3−1 ⊗3−1 )0+
Ex(3
−
1 ) [MeV] 2.881 2.464 2.084 1.810 Exp.
Ex(3
−
1 ) [MeV] 2.845 2.390 2.030 1.730 QPM
Structure 92.7% 3−1 88.9% 3
−
1 91.2% 3
−
1 92.3% 3
−
1
+ 7.2% (2+1 ⊗ 3−1 )3− + 8.4% (2+1 ⊗ 3−1 )3− + 6.6% (2+1 ⊗ 3−1 )3− + 3.6% (2+1 ⊗ 3−1 )3−
Ex(1
−
1 ) [MeV] 4.026 3.643 3.424 3.225 Exp.
Ex(1
−
1 ) [MeV] 4.350 4.140 3.850 3.589 QPM
Structure 94.6% (2+1 ⊗ 3−1 )1− 93.1% (2+1 ⊗ 3−1 )1− 93.2% (2+1 ⊗ 3−1 )1− 93.1% (2+1 ⊗ 3−1 )1−
+ 1.9% 1−5 + 1.8% 1
−
5 + 1.8% 1
−
4 + 1.7% 1
−
4
+ 2.6% + 3.5% + 2.2%
(2+1 ⊗ 2+1 ⊗ 3−1 )1− (2+1 ⊗ 2+1 ⊗ 3−1 )1− (2+1 ⊗ 2+1 ⊗ 3−1 )1−
B(E1, 1−1 → 0+1 ) [mW.u.] 5.6(3)e 4.1(6)c 3.3(7)a 3.7(5)d Exp.
7.8 6.7 5.3 4.9 QPM
B(E1, 1−1 → 2+1 ) [mW.u.] 0.48(12)e 0.54(3)b 0.77(16)a 0.61(13)d Exp.
0.21 0.20 0.33 0.30 QPM
B(E1, 1−1 → 0+2 ) [mW.u.] - 0.75(6)b - - Exp.
0.5 2.3 2.1 2.3 QPM
B(E2, 1−1 → 3−1 ) [W.u.] - < 28b 15.7(33)a 16.6(40)d Exp.
14.2 17.6 16.1 16.0 QPM
B(E2, 2+1 → 0+1 ) [W.u.] 10.7(4)f 13.7(3)f 12.3(4)f 11.9(4)f Exp.
10.6 13.2 12.1 12.0 QPM
B(E3, 3−1 → 0+1 ) [W.u.] 16.8(1.6)g 26(3)h 29(5)i 38(3)j Exp.
16.0 19.5 24.6 29.5 QPM
a adopted from Ref. [58]
b this work
c adopted from Ref. [8]
d adopted from Ref. [57]
e adopted from Ref. [69]
f adopted from Ref. [70]
g adopted from Ref. [71]
h adopted from Ref. [72]
i adopted from Ref. [73]
j adopted from Ref. [74]
N = 82 isotones. For this purpose the compiled exper-
imental data and the QPM results are shown in Fig. 4.
The upper panel shows the energy trend of the excitation
energies with increasing proton number. The excitation
energy of the 3−1 state decreases steeper than the energy
of the 2+1 state increases. This leads to a decrease of
the excitation energy of the 1−1 state. The proton num-
ber dependence of the excitation energy of the 0+2 state
shows a different behavior with a minimum for cerium.
The energy trends for all states are well reproduced by
the QPM. The experimentally observed excitation ener-
gies of the 1−1 states are typically lower than compared
to the sum energy of the constituent phonons which is a
known feature for two-phonon 1−1 states [49].
In the following, some theoretical details on the struc-
ture of the QPM 0+2 state in N = 82 nuclei are given (see
71−
3−1
0+2
2+1
1− → 0+1
1− → 0+2
1− → 2+1
1− → 3−1
2+1 → 0+1
FIG. 4. (Color online) Compilation of experimental (markers)
and QPM (lines) data in N = 82 isotones: (a) Excitation
energies, (b) E1 transition strengths of 1− → Jpiff transitions,
(c) E2 transition strengths.
Table I). The QPM 0+2 excited states are dominated by
one-phonon components related to the 0+2 QRPA phonon
which has the largest contribution of 97.6% in 138Ba. For
comparison the same component gives 64.2% in 140Ce,
60.3% in 142Nd, and 61.1% in 144Sm, respectively. A con-
siderable contribution, due to to the 0+3 QRPA phonon,
of 15% in 140Ce, 20.8% in 142Nd, and 14.7% in 144Sm,
is found as well. In addition two-phonon (2+1 ⊗ 2+1 )0+
and (3−1 ⊗ 3−1 )0+ configurations contribute to the struc-
ture of the 0+2 excited states. In particular, the latter
are very important for transitions between two-phonon
states. Thus, from the calculations it is found that the
(3−1 ⊗ 3−1 )0+ state has the largest counterpart to the
structure of the 0+2 excited state in
144Sm which cor-
responds also to one of the largest B(E1, 1−1 → 0+2 ) tran-
sition probabilities in comparison with the other consid-
ered N = 82 nuclei. In general, the energy of the 0+2
QRPA state should increase with the total strength of
the monopole pairing interaction and the width of the
pairing gap ∆p, which in turn increases with the proton
number in the case of the neutron-magicN = 82 isotones.
This means the pairing gap in 140Ce is larger than that in
138Ba. However, different effects can lead to a lowering
of the energy of the 0+2 state. In particular, the struc-
ture of the QRPA 0+2 state is a pure proton excitation
resulting from re-coupling processes of two-quasiparticle
states from the [2d5/2]
2
p, [1g7/2]
2
p, and [1h11/2]
2
p proton
subshells. The energy of the [2d5/2]
2
p two-quasiparticle
proton configuration, which has the major contribution
of 55.9% to the QRPA 0+2 state in
138Ba, is higher than
that in 140Ce, where the [2d5/2]
2
p two-quasiparticle proton
configuration is the second of importance with 48%. Fur-
thermore, the main contribution of the QRPA 0+2 state
in 140Ce is due to the [1g7/2]
2
p (50.1%) two-quasiparticle
proton configuration whose energy is also lower than the
energy of the [2d5/2]
2
p two-quasiparticle proton configu-
ration in 138Ba. Consequently, even though the total
pairing energy ∆2p/Gp, where Gp is the monopole pairing
strength constant, is larger in 140Ce than that in 138Ba,
the mentioned shell effects lead to the lowest energy of
the QRPA 0+2 state in
140Ce in comparison with the other
investigated N = 82 isotones. In addition, the calculated
anharmonicity contributions to the QPM 0+2 state are
larger than those in the neighboring 138Ba and 142Nd
nuclei, in the case of 140Ce which further reduce the ex-
citation energy of the 0+2 state.
The B(E1)↓ transition strengths for three different de-
cay channels of the 1−1 state are shown in Fig. 4(b). The
predicted minimum of the 1−1 → 0+1 transition strength
for 144Sm is not seen in the data, but still the trend is
consistent within the experimental uncertainties. The
theoretical value of this transition strength is strongly
correlated with the contribution of the two-phonon ma-
trix element. The latter depends strongly on the ampli-
tude of the two-phonon (2+1 ⊗ 3−1 )1−1 component which
is one of the smallest in 144Sm (see also Table I) and
also on the collectivity of the involved two-phonon states.
Furthermore, as discussed above, the presence of PDR
and IVGDR counterparts to the wave function of the 1−1
states influences as well their decay rates. In particu-
lar, the total amount of one-phonon contributions to the
B(E1, 1−1 → 0+1 ) transition probability varies from 7.2%
in 140Ce up to 29% in 138Ba. A relatively constant behav-
ior of the 1−1 → 2+1 transition strengths for 140Ce, 142Nd,
144Sm is found in both, experiment and theory, although
the absolute values are slightly underestimated. In the
QPM the 1−1 → 2+1 transition strength is determined by
the matrix element which couples the two-phonon com-
ponents of the 1−1 and 2
+
1 state and depends mainly on
the collectivity of the 2+1 state which is an almost pure
one-phonon state in theN = 82 isotones. In this case, the
nucleus 138Ba has the least collective 2+1 state and conse-
quently one of the smallest 1− → 2+1 transition strength.
However, one should also note that the B(E1) transition
probability is determined by the sum of the matrix ele-
ments of all two-phonon contributions which might have
different signs and cancel out. This is the case for 142Nd
and 144Sm. In general, this transition belongs to the so-
called boson-forbidden transitions. In particular its value
is very small and even minor contributions to the state
vectors can affect the transition probability.
The lower panel of Fig. 4 displays the B(E2) values
for the 1−1 → 3−1 and 2+1 → 0+1 transition, respectively.
81−1 → 0+1
2+3 → 0+1
44Ca
SE
DE
FIG. 5. Singles γ-ray spectrum of the HPGe detectors for the
measurement on 40Ca. The transitions within the excitation
window defined by the beam profile (dashed curve) are la-
beled. Single (SE) and double (DE) escape peaks are visible
at lower energies.
The agreement between QPM and experimental data is
excellent for, both, the 2+1 → 0+1 and the 1−1 → 3−1 tran-
sition strengths. The B(E2, 1−1 → 3−1 ) values for 142Nd
and 144Sm were measured in proton-scattering experi-
ments [57, 58]. The presently determined upper limit for
the B(E2, 1−1 → 3−1 ) value of 140Ce is consistent with
the QPM and would also fit into the N = 82 systemat-
ics. More experimental effort is needed to measure this
transition strength or further reduce its upper limit.
From the newly observed decays of the 1−1 state into
the 2+1 and 0
+
2 states we find strong evidence for the
two-phonon character of the 1−1 state in
140Ce. This con-
clusion is fully supported by our new QPM calculations.
V. RESULTS FOR 40CA AND 44CA
The calcium chain has five stable even-even isotopes
in the light-to-medium mass region covering a wide N/Z
range. Low-lying E1 excitations have been studied sys-
tematically in 40Ca, 44Ca, and 48Ca by means of NRF
experiments [14, 63, 75–77]. The doubly-magic N = Z
nucleus 40Ca exhibits almost no low-lying E1 strength,
whereas 44Ca and 48Ca exhaust more and a similar
amount of the Thomas-Reiche-Kuhn energy-weighted
sum rule [76, 77].
The B(E1) strength of 40Ca below the particle thresh-
old is mainly carried by one excitation at 6.9 MeV which
was also strongly excited in an (α, α′γ) experiment [78].
It is interpreted as a pure isoscalar oscillation which is
predicted in all Ca isotopes [79] and was experimen-
tally identified in 40Ca and 48Ca [14]. The quadrupole-
octupole two-phonon candidate which is investigated in
the present work, is the 1−1 state at 5.9 MeV that has
a B(E1, 1−1 → 0+1 ) strength of 0.20(2) mW.u. [63]. In
total four ground-state transitions of excited states in
40Ca and 44Ca lie within the beam profile as shown in
Fig. 5. Spin and parity of the two excited states in 40Ca
are known from previous studies [63] and are confirmed
TABLE II. Experimental asymmetries of J = 1 and J = 2
states in 40,44Ca obtained in the present (~γ, γ′) experiment.
Ex [keV] nucleus J
pi asymmetry  Jpi (this work)
5628.9 40Ca 2+a -0.8(4) 2+
5806.3 44Ca 1b -0.31(4) 1−
5875.8 44Ca 1b -0.33(6) 1−
5902.5 40Ca 1−a -0.336(12) 1−
a Ref. [63] and references therein
b Ref. [77]
3−1 → 0+1
1−1 → 3−1
FIG. 6. Low-energy part of the singles γ-ray spectrum ob-
tained with the HPGe detectors. The insets show the energy
regions where the 1−1 → 3−1 (left) and 3−1 → 0+1 (right) tran-
sitions are located.
in the present experiment. For the two J = 1 states in
44Ca the parity was unknown. Therefore, the data taken
in the present experiment was also used to perform a par-
ity assignment as explained in Sec. III. The results are
given in Table II. On the basis of the measured experi-
mental asymmetries, negative parity can be assigned to
both states.
Concerning the decay behavior of the 1−1 state in
40Ca,
the coincidence data suffered from low statistics. There-
fore, the γ-ray singles spectra were taken into account
in the further analysis. Compared to the much heav-
ier 140Ce the non-resonant background at low energies is
strongly reduced in 40Ca. The decay into the first 3−1
state at 3.7 MeV is observed in the singles γ-ray spec-
trum in terms of the primary 1−1 → 3−1 transition as well
as the secondary 3−1 → 0+1 transition. These transitions
are visible in the γ-ray spectrum shown in Fig. 6. A
decay into the higher-lying first 2+1 state at 3.9 MeV is
not observed. Note that the 3−1 state is the lowest-lying
excited state in 40Ca. The reduced transition strengths
which were determined in previous experiments and in
this work are summarized in Table III. The B(E2) val-
ues for the 1−1 → 3−1 and the 2+1 → 0+1 transitions agree
within the error bars. This means the first 1−1 state in
40Ca is supported as a candidate for the two-phonon 1−
state. Hence, the possibility of a collective phonon mode
exists also in light nuclei like 40Ca.
9TABLE III. Experimental results for the γ-decay behavior of
the 1−1 state in
40Ca.
transition strength
B(E1, 1−1 → 0+1 ) [mW.u.] 0.20(2)a
B(E2, 1−1 → 3−1 ) [W.u.] 4.2(12)
B(E2, 2+1 → 0+1 ) [W.u.] 2.7(7)a
a taken from Ref. [63]
VI. SUMMARY
We investigated the decay pattern of two-phonon 1−
candidates in 40Ca and 140Ce by means of (~γ, γ′) exper-
iments at the HIγS facility. The experiments were per-
formed using the γ-γ coincidence setup γ3. For both nu-
clei new decay paths were found in addition to the known
strong ground-state decay. For 140Ce the E1 strength for
the 1−1 → 2+1 transition was determined. The deduced
value fits into the N = 82 systematics. For the first time
in 140Ce and in the N = 82 isotones an E1 transition of
the 1−1 state into the first excited 0
+
2 state was observed
and quantified. Microscopic calculations on the basis of
the EDF+QPM approach support the interpretation of
a dominant two-phonon character of the 1−1 state. In
the future, a measurement of the 1−1 → 3−1 transition
strength or a more stringent upper limit for this observ-
able could serve as an additional test of the model and
associated interpretation.
For 40Ca the direct decay of the 1−1 state into the first
3−1 state was observed. Its transition strength is equal to
the 2+1 → 0+1 transition strength within the experimental
errors. Thus, it is consistent with the harmonic model
and hints to a two-phonon structure of the 1−1 state. A
systematic investigation of the decay behavior of two-
phonon 1− candidates in other Ca isotopes could help to
establish this collective excitation mode in the light-to-
medium mass region.
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